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I. Introduction 
Life-support research at Electric Boat Division utilized an engineering 
model photosynthetic gas exchanger (reference 13). Corollary to the ' 
main studies, experiments were carried out with a bench-scale algae 
culture unit. Bench-scale experiments provided information concerning 
algal growth easily and quickly and afforded a means of comparing de- 
sign and geometry with the larger photosynthetic gas exchanger. In 
addition to the studies carried out in a bench-scale culture vessel, 
support studies were also carried out in test-tubes in an illuminated 
water bath. 
Preliminary experiments (reference 13) were conducted in 1959-60 on 
the effect of nutrient feed rate and re-cycled medium on algal growth. 
The studies reported here are a continuation of that program. 
The main objectives were to study the effect of nutrient feed rate, 
carbon dioxide concentration, and culture volume on algal growth. Two 
eight-liter algae culture vessels basically similar to the four-liter 
units were designed, fabricated, and assembled. 
A factorial experiment was carried out with the eight-liter units, and 
studies concerning re-cycled medium were continued in a four-liter 
culture vessel. In addition, test tube and flask studies were con- 
tinued to obtain information concerning the composition of the growth 
rnediiliil. 
11. Experimental Program 
A .  Studies with the Four-liter Culture Vessel 
Two series of tests were conducted to investigate the effect of supple- 
mented nutrient medium on algal growth. These tests were organized: 
1) to determine the presence or absence of toxic materials produced by 
the algae over long periods of time, 2) to determine which components 
of the medium would first limit growth, 3) to determine if a fixed cul- 
ture density could be maintained for long periods of time with a mini- 
mum amount of nutrients added to the nutrient medium. A summary of 
the tests conducted follows: 
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1. Supplemented Nutrient Medium Batch Operation 
a. Supplementing with urea 
b. 
c. Supplementing with urea, iron, and calcium. 
Supplementing with urea and iron 
2. Supplemented Re-cycled Medium at Fixed Culture Density 
a. Supplementing with urea and iron 
b. Supplementing with urea, iron, and calcium. 
B. Studies with the Eight-liter Culture Vessel 
A factorial experimental study was carried out in the eight-liter algae 
culture units. The independent variables (nutrient feed rate o r  dilu- 
tion rate, carbon dioxide concentration, and culture volume) were se- 
lected on the basis of earlier work. 
The dilution rates studied correspond to dilution factors of 0.04, 0.07, 
and 0.1. Dilution factor is the dilution rate divided by the volume of 
the culture suspension; it is the reciprocal of the retention time as 
used in chemical engineering. 
the ratio of illuminated area to the culture volume had a significant 
effect on growth of Chlorella. Since the area of light surface ex- 
posed was fixed by the design of  the units at 1.5 ft2, the only way to 
study this variable was to use different culture volumes. The two 
volumes used were five liters and eight liters. Therefore, the ratios 
of lighted surface to culture volume were 8.5 and 5.3 ft2/ft3 respec- 
tively. The dependent variables measured were equilibrium culture den- 
sity and algae production o r  yield. Oxygen production is known to be 
proportional to growth. Consequently, the gas exchange capacity can be 
estimated from algal production. 
Zuraw -- et a1 (reference 13) found that 
Table I gives a summary of the independent, fixed, and dependent vari- 
ables studied in the eight-liter culture vessels. 
three levels, and one factor at two levels give eighteen possible treat- 
ment combinations, which replicated once, give a total of thirty-six 
experiments. 
Thus, two factors - at 
- --
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I TABLE I 
Out l ine  of the  F a c t o r i a l  Experiment 
Independent Dependent Fixed 
I 
Variables  Variables Factors  Leve l9  
D i  l u  t i o n  Factor 
Carbon Dioxide 
Conc e 11 t ra t i o n 
0.04 
0.07 
0.10 
0.03Z 
1.a 
2.oI 
Lighted Surface /  5 03 
Volume 8.5 
Algae Production 
Equil ibrium Densi ty  
Temperature 39% 
Standard lledium S e e  Appendix A 
Light  I n t e n s i t y  6000 f t .  c.* 
(240 v o l t s )  
1 -'.A? masurecl a t  inner  surface of the  c u l t u r e .  
C. Flask and Test Tube Studiea 
Studies  conducted i n  t e s t  tubes and f l a s k s  concerned the  fol lowing$ 
1. Storage s t a b i l i t y  o f  medium 
2. Storage s t a b i l i t y  o f  Chlorella suspensions 
3. Effect  of Streptomycin and Phygon*, on Chlore l la  711.05 and 
a blue-green contaminant 
4. Studies  on the compesiticr: cf m6Y-m ai groW%h of+. a lgae  
111. Mater ia ls  and Method9 
All experimentation w a s  conducted using Sorokin and Myer's thermo- 
p h i l i c ,  Chlorel la  pyrenoidosa 7-11-05 ( r e f e r e n c e l l ) ,  a s tock cu l tu re  of 
*Phygon XL i s  a ch lor ina ted  napthoquinone fungicide,  produced by t h e  
Naugatuck Chemical Division of U.S. Rubber Co. 
which i s  'maintained i n  our labora tor ies .  
designated the s t r a i n  Chlore l la  71105. 
For convenience, w e  have re- 
A. Studies  with the jmur-li ter Culture Vessel 
This  u n i t  i s  i d e n t i c a l  t o  the one operated i n  previous studies reported 
by Zuraw, et a1  ( re ference  13). 
of the u n i t  appear on pages 50 and 51 of  t h a t  report .  
A detai led desc r ip t ion  and a photograph 
1. Study of Supplemented Nutr ient  Medium 
The s t u d i e s  were e s s e n t i a l l y  of two typea. I n  the  first Be- 
ries of experiments, the  u n i t  was inoculated,  and the var ious 
supplementary n u t r i e n t s  were added t o  the c u l t u r e  whenever the 
packed c e l l  volume indica ted  no f u r t h e r  increase  i n  populat ion 
or whenever a urea-nitrogen determination indicated low n i t r o -  
gen s t a t u s .  
I n  the second s e r i e s  of experiments, t he  u n i t  was inoculated,  
and t h e  cu l tu re  dens i ty  was maintained a t  approximately 1% 
packed c e l l  volume (PCV) by d a i l y  harvests from the  uni t .  
The a lgae  c e l l s  were removed from the d a i l y  harves ts  by 
cent r i fuga t ion  and the  e f f l u e n t  medium returned t o  the u n i t  
w i t h  appropriate  mineral supplements. 
I n  both s e r i e s  of experiments, carbon dioxide concentrat ion,  
temperature, and l i g h t  i n t e n s i t y  were kept constant .  Carbon 
dioxide concentrat ion was maintained between 1 and 2$. The 
power t o  the lamp was s e t  a t  240 v o l t s ,  as indicated by a 
voltmeter. Foaming was control led by using Dow-Corning Anti- 
foam B. Volume-loss due t o  evaporation was made up w i t h  de-  
ionized water. 
B. Studies w i t h  t h e  E i g h t - l i t e r  Culture Vessel 
The e i g h t - l i t e r  cu l tu re  ves se l  i s  shown i n  Figure 1. The design i s  
similar t o  the o r i g i n a l  f o u r - l i t e r  model. The l a r g e r  u n i t  has a Pyrex 
g l a s s  cooling-water jacke t  r a t h e r  than p l a s t i c .  The diameter of the 
g l a s s  annulus i s  5.75 in.  O.D. as opposed t o  a 5.0-inch p l a s t i c  annulus 
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of the  f o u r - l i t e r  u n i t ,  r e su l t i ng  i n  a l a r g e r  area of l i g h t  sur face  ex- 
posed, 1.5 f t  compared wi th  0.9 f t  i n  t h e  smaller model. The new 
u n i t s  have "0" r ing-seals  about the g lase  tubes as opposed t o  a l a r g e  
rubber dam i n  the o lde r  model. The rec tangular  a lgae  chamber wi th  a 
hemi-cylindrical  bottom is made of a c l e a r  a c r y l i c  p l a s t i c .  The 
vesse l  is  12-Inches long, 8-Inches wide, and 12-inches deep. The 1.5 
KW Quartz-line lamp is housed i n  a 2-inch glasa tube centered i n  the 
cooling water jacket.  The cooling Bystem, l i g h t  i n t e n s i t y  control ,  
n u t r i e n t  feed, algae temperature control ,  and cu l tu re  turbulence and 
c i r cu la t ion  were achieved i n  t h e  same manner as that  described f o r  
the s tud ie s  conducted i n  the f o u r - l i t e r  u n i t s  reported I n  reference 
13 - 
2 2 
PYREX UCKET 
NNER W A L L  
- COOUNG WATER ANNULUS 
RETAINER PLATE 
JACKET WATER IN 
POROUS STAINLESS 
STEELSPARGER - SPARGER END PUKi 
FWRE I EIGHT-LITER CULTURE VESSEL 
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1. Operation of the E i g h t - l i t e r  Units 
The c u l t u r e  ves se l s  were inoculated with a suspension of  
a l g a l  c e l l s .  Nutrient was fed a t  pre-selected rates by means 
of  ca l ib ra t ed  Lapp metering pumps. The volume of the cu l -  
tu res  was control led by d ra in  l i n e s  a t  f ixed l e v e l s .  Carbon 
dioxide and a i r  were mixed i n  equipment similar t o  that  de- 
scribed on page 247 of the  1953 Carnegie I n s t i t u t e  Report 
(reference 1) .  
pe r iod ica l ly  wi th  a Haldane-Guthrie Gas ana lys i s  apparatus.  
Cultures were allowed t o  reach a s t eady- s t a t e  o r  equilibrium 
density.  Other environmental f a c t o r s  such as temperature, 
l i g h t  i n t e n s i t y ,  and composition of t h e  medium were kept con- 
s t a n t .  The temperature was maintained a t  3 8 . 5 O k l O C .  The 
l i g h t  i n t e n s i t y  was measured a t  t he  end of the experimental 
program w i t h  a Weston Wollensak Fastax Exposure Meter, Model 
755, and a value of 16,000 f o o t  candles was obtained. I n  
t h i s  i n s t ance ,  however, the  glass water jacke t  was cleaned. 
The carbon dioxide concentrat ion was checked 
Appendix C shows t h e  l i g h t  i n t e n s i t y  values obtained wi th  a 
G.E .  photographic l i g h t  meter and a Weston Foot-candle Meter, 
Model 614, under a c t u a l  operat ing condi t ions.  Values of 
approximately 6000 f t . c .  were obtained i n  t h i s  i n s t ance .  Over 
an extended period of t i m e ,  a s l i g h t l y  opaque deposi t  forms 
i n  the  water jacke t .  ( I n  f u t u r e  s tud ie s  cooling water w i l l  
be r e c i r c u l a t e d  t o  an ex te rna l  heat exchanger.) 
Standard laboratory medium as ou t l ined  i n  Appendix A w a s  used 
throughout the s t u d i e s .  
Data concerning pH, carbon dioxide concentrat ion,  and PCV were 
obtained every 3 hours during the day. When s teady-state  con- 
d i t i ons  were obtained, dry weight and PCV determinations w e r e  
made using the  technique described i n  Appendix B. 
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Growth of Chlorella and similar 
microalgae has been measured a t  
E l e c t r i c  Boat Division and I n  o ther  
labora tor ies  I n  a v a r i e t y  of  ways, 
Including o p t i c a l  dens i ty  of c e l l  
suspensions, d i r e c t  c e l l  counts, 
packed c e l l  volume obtained from 
centr i fuging a measured volume of 
suspension, and/c-'- by the weight of 
t h e  dr ied residue from a measured 
volume of centr i fuged and washed 
c e l l s .  Both packed-cell volume and 
dry-weight determinations were 
c a r r i e d  out i n  t h e  present  study. 
Data f o r  these  two measures a r e  
given i n  Figure 2; t h e  c o r r e l a t i o n  
between the two measures i s  +O.g8. 
The equation of the  l i n e  of best 
fit is  2.304(PVC)+0.0237 = D r y  
weight of algae i n  mg/ml. 
C. F l a sk  and T e s t  Tube Studies 
These experiments were c a r r i e d  out 
i n  650 m l  o r  i n  100 m l  t e s t  tubes 
i n  a l i g h t e d  aquarium tank s i m i l a r  
t o  the u n i t  used i n  s tud ies  conducted by Zuraw e t  a1 (reference 1 3 ) .  -- 
The temperature of the watec i n  the aquarium water-bath was maintained 
a t  38.5°+10C, w i t h  a thermostat ,  r e l a y ,  and immersion hea ter .  The bath 
i s  equipped w i t h  a s t i r r e r  and two a i r - l i f t  f i l t e r s .  A gas mixture of 
a i r  and carbon dioxide was d is t r ibu ted  through a manifold equipped w i t h  
needle valves t o  a glass Bassing tube i n  each t e s t  tube. The 100 m l  
t es t  tubes were placed i n  a p l a s t i c  rack immersed i n  the water-bath. 
The la rge  volume tes t  tubes were placed d i r e c t l y  i n t o  t h e  water-bath 
t h r u  cut-outs on the cover of t h e  aquarium. 
40-W Power-groove* f luorescent  lamps flanked t h e  aquarium, providing 
l i g h t  a t  approximately 2000 foot  candles. 
F ix tures  containing three 
*Registered trademark of General E l e c t r i c  Company 
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The f lask s tud ie s  were c a r r i e d  out i n  500 m l  Erlenmeyer flasks on a 
screen over an inverted f luo rescen t  l i g h t  f i x t u r e ,  providing a l i g h t  
of approximately 2000 f o o t  candles, as measured w i t h  a Weston Wollen- 
sak Fastax Exposure Meter, Model 755. 
Temperature In f l a s k  tes t s  was not control led but  remained f a i r l y  con- 
s t a n t  a t  370 t o  3 9 O C .  
t a i n i n g  t h i s  f l a s k  temperature. 
same manner as I n  t h e  aquarium u n i t .  
A i r  was passed over the  lamps t o  a id  i n  main- 
The gas mixture was suppl ied i n  t h e  
I n  f l a sk  and t e s t  tube s t u d i e s ,  a lgae  growth was followed by one of 
t h ree  methods: 
1. Packed c e l l  volume. 
2. 
3 .  Direct c e l l  counts using a b r igh t - l i ne  hemacytometer. 
Optical dens i ty  determined w i t h  a Fisher  Electro-photometer 
a t  550 millimicrons.  
Urea nitrogen determinations were made using t h e  urease-aeration method 
o f  Van Slyke and Cullen (reference 8 ) .  
IV. R e s u l t s  and Discussion 
A .  Studies wi th  the  F o u r - l i t e r  Culture Vessel 
I n  the  standard laboratory medium, MgS04, KH2P04, and N a C l  are con- 
sidered t o  be present  f a r  i n  excess o f  t he  d a i l y  requirements f o r  even 
dense Chlorella cu l tu re s .  Urea, i r o n  and calcium are considered sup- 
plementary and a re  rou t ine ly  added a t  d a i l y  i n t e r v a l s  i n  the dense 
cu l tu re s .  
1. Supplemented Nutr ient  Medium Studies ,  Batch Operation 
a .  Supplementing w i t h  urea only.  (Figure 3, Curve A.) 
A maximum c u l t u r e  dens i ty  of  2.5% PCV was a t t a i n e d  by sup- 
plementation w i t h  urea.  The cu l tu re  grew s t ead i ly  f o r  
f o u r  days without supplements, reaching a dens i ty  of 1.20$ 
PCV before l e v e l l i n g  off. Urea (380 mg/L) was added t o  
t h e  cu l tu re  and growth resumed, reaching a dens i ty  of 2.3% 
10 
by the  7 th  day. 
was added t o  the cul ture  and a maximum dens i ty  of 2.5$ 
was reached by t h e  n in th  day. 
a f t e r  the n in th  day had no e f f e c t  on the algae cu l tu re  
and t h e  cu l tu re  densi ty  gradual ly  declined. 
An add i t iona l  amount of urea (380 mg/L) 
The add i t ion  of urea alone 
b. Supplementing with urea and i ron.  (Figure 3 ,  Curve B.)  
Urea (380 mg/L) and i r o n  (0.56 mg/L) were added d a i l y  t o  
an algae cu l tu re  and t h e  growth measured'daily.  
growth continued s t ead i ly  for 18 days a t  which time the  
cu l tu re  dens i ty  was 5.M.  The f u r t h e r  addi t ion  of urea 
and i r o n  t o  the  cu l ture  r e s u l t e d  i n  no increase  i n  growth. 
The 
c. Supplementing w i t h  urea, i r o n  and calcium. (Figure 3, Curve C .  ) 
Urea (380 mg/L), iron (0.56 mg/L) and calcium (8 mg/L) 
were added d a i l y  t o  an algae c u l t u r e  and growth measured 
da i ly .  
of 4.8$. Further  addi t ion of these  supplements t o  t he  
cu l tu re  d i d  not cause an increased densicy,  but r a t h e r  
t he  cu l tu re  leveled off a t  approximately 5.M. 
s i t y  was maintained for 30 days, a t  which time t h e  cu l tu re  
was discontinued. 
It should be noted that i n  a l l  of t h e  above experiments 
t he  i n i t i a l  cu l tu re  media were made w i t h  t a p  water as were 
t h e  sui;pleiiicnt s tock  so lu t ions .  
Growth s t ead i ly  increased f o r  14 days t o  a dens i ty  
This den- 
Figure 3 shows t h e  r e s u l t s , o f  the t h r e e  experiments con- 
ducted. It i s  apparent that i r o n  as a supplement i s  as  
important as  urea. With t h e  add i t ion  of calcium as  a 
supplement no s ign i f i can t  increase i n  dens i ty  was noted; 
however, the  density of 5s (PW) was maintained for a 
longer period of time. 
dens i ty  of 5% (PCV) t h e  algae c e l l s  were l igh t - l imi t ed .  
It i s  apparent t h a t  no autotoxic  ma te r i a l s  were produced 
by the algae culture.  
It i s  assumed t h a t  a t  th i s  high 
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GROWTH OF CHLORELLP. 71 I O 5  WITH FIGURE 3 
-TED NUTRIENT MWUM, BATCH SIUDY 
In  a l l  t h ree  experiments, t h e  pH 
of the  cu l tu re  medium gradual ly  in -  
creased t o  7.5 from an i n i t i a l  un- 
adjusted pH of  .4.6, 
pH, a p r e c i p i t a t e  was observed i n  
the  cu l ture ,  A por t ion o f  t h i s  
mater ia l  was col lected,  washed, and 
d r i e d ,  A semi-quantitative spectro-  
scopic ana lys i s  was made by t h e  
Spectroscopy Laboratory of  t he  
Technical Service Division. Table 
I1 shows these  r e su l t s .  
At t he  high 
The mater ia l  i s  apparently magnesium 
phosphate, which e x i s t s  i n  a number 
o f  hydrated forms. The Debye powder 
x-ray d i f f r a c t i o n  pa t t e rn  ind ica t e s  
t he  presence o f  MgHP04.3H20; 
MgNH4P04. 6H20 and Mg3 ( PO4) 2. 4H20 i n  
t h e  p rec ip i t a t e .  
1 TABLE I1 
Semi-quantitative Spectroscopic Analysis of a 
Precipitate forned in Re-cycled Medium 
% Composition 
Greater 1 0.1 0.01 0.001 Less 
than to to to to than  
0.01 0.0901 - -  0.1 - 1.0 - 10 10.0 - 
Phosphorus Hap:nesium Silicon Calcium Bari.m Aluminum 
Iron Copper EIsrniith 
Sodium BoroD 
Titanium Chruniuin 
Le3d 
Mangnnesr 
T i n  
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The presence of a high bac te r i a l  population w a s  noted during 
a l l  of these  experiments with supplemented medium, sometimes as 
high a s  26 X 10 per  m l ;  however, t h i s  did not seem t o  a f f e c t  
t h e  growth of a lgae.  A suspension dens i ty  of 5.0% was recorded 
i n  t h i s  instance.  
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2. Supplemented Re-cycled Medium a t  Fixed Culture Density 
Four experiments were completed of 19, 71, 22 and 36 days dura- 
t l on .  Whenever mechanical d i f f i c u l t i e s  with t h e  cu l tu re  ves se l  
occurred, t h e  c u l t u r e  was harvested and r e f r i g e r a t e d  unt i l  the  
u n i t  was repaired.  The cul ture  was then replaced i n  t h e  unit 
and t h e  experiment continued. Figure 4 shows the  r e s u l t s  of 
a preliminary experiment with cu l tu re  densi ty  adjusted da i ly .  
On t h e  seventh day an accident occurred; t h e  cu l tu re  w a s  drawn 
o f f  and placed i n  t h e  r e f r ige ra to r .  Seven days l a t e r ,  a f t e r  
t h e  u n i t  had been repaired,  t he  cu l tu re  was r e s to red  t o  t h e  
vesse l .  Growth a t  a high r a t e  commenced a f t e r  a shor t  lag 
period. 
Figures 5 through 7 show the r e s u l t s  of l a t e r  experiments. In  
run #2 (Figure 5 )  an in t e re s t ing  phenomenon occurred on t h e  33rd 
day. 
with t h e  addi t ion  of t h e  major elements of t h e  nu t r i en t  t o  the  
cu l tu re ,  no increase i n  density w a s  apparent. On the  37th 
day, 16 m l  micronutr ients  (Amon's A - 5  so1ution)were added t o  
t h e  cu l tu re  r e s u l t i n g  i n  a marked increase i n  cu l tu re  densi ty .  
During the  same experiment on t h e  s i x t i e t h  day a decrease i n  
A gradual decl ine i n  cu l tu re  dens i ty  was evident and ye t ,  
2.0 b 
1.6 - 
1.2 ' 
0.8 , 
0.4 
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density was observed, but the add i t ion  of micronut r ien ts  d id  
not inf luence the cu l tu re  dens i ty .  However, when calcium 
chloride was added t o  t h e  cu l tu re  an increase  i n  dens i ty  
was evident.  
duration, supplemented d a i l y  wi th  urea,  i ron ,  calcium chlo-  
r i d e ,  and t h e  microelements. These experiments v e r i f y  r e -  
s u l t s  of the previous s tudies .  From these  experiments, it i s  
apparent t h a t  minimal amounts of au to toxic  products a r e  pro- 
duced by Chlorel la  71105, and t h a t  r a t h e r  dense cu l tu re s  
(approximately I$ dens i ty)  can be maintained f o r  long per iods 
of time w i t h  a supplemented re-cycled medium. 
Figures 6 and 7 show two runs of 22 and 36 days 
B. The Fac tor ia l  Experiment 
The f a c t o r i a l  experiment was performed wi th  d i l u t i o n  f a c t o r ,  carbon 
dioxide,  and cu l tu re  volume a s  independent va r i ab le s .  Levels of d i l u -  
t i o n  f a c t o r  used were 0.04, 0.07, 0.1; d i l u t i o n  f a c t o r  i s  t h e  r a t i o  of 
nu t r i en t  feed r a t e  ( m l / h r )  t o  cu l tu re  volume ( m l ) .  
dioxide used were O.O3$, l.@, and 2%. The two volumes used were 
f i v e  l i t e r s  and e igh t  l i t e r s .  The surface of t h e  lamp water jacket  
has an area of 1.5 f t2 ;  the re fo re  the r a t i o s  of l i gh ted  surface t o  ' 
cul ture  volume were 8.5 and 5.3. The dependent va r i ab le s  evaluated 
were equilibrium dens i ty  and algae production. Methods of  ca lcu la-  
t i o n  a re  out l ined i n  Appendix B. The da ta  f o r  a l l  equi l ibr ium runs 
appear i n  Table 111. The r e s u l t s  given a re  averages of dupl ica tes .  
Factors held constant a r e  l i s t e d  below: 
Levels of carbon 
1. Nutrient concentration - Standard Laboratory Medium 
2. Temperature - 38.5'25OC. 
3. Light  power supply - 240 v o l t s .  (Equivalent t o  about 
6000 f t . c .  a t  t h e  surface of t he  
lamp' j acke t )  
Table IV gives t h e  da ta  f o r  t h e  e f f e c t s  of t h e  independent va r i ab le s  
on equilibrium dens i ty ,  An ana lys i s  of variance (reference 3 and 7) 
was performed on the data .  The 'ana lys i s  determines which independent 
va r i ab le  s i g n i f i c a n t l y  a f fec ted  the  dependent v a r i a b l e s ,  Table V 
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TABU 111 
Rerultr of Factorial Expertcntr v i t b  the Eight-liter Culture Units 
(Rerultr are averages of duplicate runs) 
Light 
Surfsca 
xperi- Carbon Voltme Packed Equil ibriu Algae Specif ic  Algae 
menc Diolide Ratio Dilution C e l l  Detuity Produced Yield Roducad Doubling Flow 
No. 9 n c .  f t21f t3  Factor Yolm & m/ rl d h r  y l h r  lbslhr time hrs 
t 
TABLE IV 
Equi l ibr iu  Density (rg/rl) 
Light SurfaceILiquid Volue ( f tZ/ f t3)  
5.3 8.5 
Dilution Carbon Dioxide Concentration Carbon Dioxide Concentration 
J hr'l) 0.03 - 1.0 z . 0 -  0.03 Factor x x 2.0 -1.0 -
0.06 0*365(15)* 0.810 (3) 1.095 (9) 0.660 (18) 1.527 (6) 2.610 (12) 
0.185 0.810 0.750 0.355 1.270 2.365 
0.07 0*255(13) 0.845 ( I )  0.622 (7) 0.300 (16) 1.120 (4) 1.920 
0.132 0.645 0.715 0.173 1.070 1.910 
0.455 0.087 0.465 (5) 0.940 
O.e4O (11) 0.10 0-260(14) 0.175 (2)  0.672 0.139 (17) 0.702 0.152 0.120 
i 
*Refers t o  experiment n d e r  in Table 111 
- I) 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
1.0 5.3 3.07 0.31 0.75 0.417 52.5X10'3 9.0X104 9.9 560 
1.0 
1.0 
1.0 
1.0 
1.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
0.03 
0.03 
0.03 
0.03 
0.03 
5.3 0.10 0.05 
5.3 0.04 0.38 
8.5 0.07 0.M 
8.5 0.10 0.20 
8.5 0.04 0.B 
5.3 0.07 0.27 
5.3 0.10 0.19 
5.3 0.04 0.44 
8.5 0.07 0.15 
8.5 0.10 0.42 
8 .5  0.04 1.06 
5.3 0.07 0.06 
5.3 0.10 0.09 
5.3 0.04 0.13 
8.5 0.07 0.85 
8.5 0.10 0.04 
0.15 0.128 
0.81 0.259 
2.00 0.383 
0.58 0.291 
1.40 0.279 
0.67 0.374 
0.56 0.450 
0.92 0.295 
1.91 0.670 
0.89 0.445 
2.50 0.497 
0.19 0.103 
0.21 0.165 
0.28 0.088 
0.24 .0.081 
0.11 0.056 
14.7 
32.4 
76.7 
58.2 
55.9 
46.8 
56.3 
36.9 
133.7 
89.0 
99.5 
13.5 
20.6 
11.0 
16.5 
11.3 
0.03 8.5 0.04 0.25 0.50 0.101 20.1 
2.5 
5.7 
8.3 
6.4 
6.2 
8.2 
9.9 
6.5 
14.7 
9.8 
10.8 
2.5 
3.6 
1.4 
1.8 
1 .2  
2.4 
6.9 
17.3 
9.9 
6.9 
17.3 
9.9 
6.9 
17.3 
9.9 
6.9 
17.3 
9.9 
6.9 
17.3 
9.9 
6.9 
17.3 
800 
320 
350 
500 
200 
560 
800 
320 
350 
500 
200 
560 
800 
320 
350 
500 
200 
I 
t Order Ugga wgl€€ (1) 
(c) U ! ! F  2 1.030 5.72 3.44 S 
.Linear 4.563 -1.69 
C 
O a r  Effect Balance 
Linear 2,050 0,009 (1) S 
r a t i c  0.009 0.000 , (1) ws 
,g~uad- 
Source I& 
k 
TABLE V I  
Yield of Algae (gm/hr) x 
TABLE V 
Analyres of Variance (Equilibrium Denrity) 
1 
Degree8 Variation S ta t i r t i ca l  
0 0  Variation Ratio I'Pl' V I l U O  
Fraadom rn- i n [YoolaQ 95% Level Significant 
(A) C02 hv.1 2 2.544 14.13 3.44 S 
0- a t  e lanco  
tinoar 5.086 0.002 (1) s 
r a t i c  0.002 0.000 ( I )  lls 
0)  (1) 2.873 15.96 4.30 S 
Quad- 
AB 
AC 
BC 
2 0.574 3.19 3.55 Ns 
4 0.281 1.56 2.82 . NS 
2 0.147 .81 3.44 NS 
- - 
- - - _" I I Totals 35 Residual 22 0.180 
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showsthe ana lys i s  of variance f o r  equi l ibr ium cu l tu re  density.  It 
confirms w i t h  95s confidence tha t  within t h e  range used, a change o f  
1s carbon dioxide has a s ign i f icant  e f f e c t  on equilibrium dens i ty  t 
increased COP results i n  a l i nea r  increase  i n  equilibrium densi ty .  
It shows f u r t h e r  t h a t  a quadratic expression for t h i s  r e l a t ionsh ip  
would not y i e l d  a s ign i f i can t  improvement over a s t r a i g h t  l ine .  The 
two l e v e l s  of l i g h t  surface-to-volume r a t i o  gave s i g n i f i c a n t l y  differ-  
en t  equilibrium dens i t ies .  The changes i n  d i l u t i o n  rate a l s o  r e su l t ed  
i n  s i g n i f i c a n t  changes i n  equilibrium density.  The e r r o r  mean square 
was very small a s  was the th ree  f a c t o r  i n t e rac t ion ,  Therefore these 
were pooled f o r  "F" tests. None of the  two f a c t o r  i n t e rac t ions  were 
s t a t i s t i c a l l y  s ign i f i can t  i n  t h e  ranges of levels used, i.e., the 
f a c t o r s  behaved independently. The coe f f i c i en t  of cor re l a t ion  between 
corresponding observation of two sets of runs i s  +0.98, 
s t r a t e s  t h a t  the  degree of r e l i a b i l i t y  f o r  these da ta  i s  q u i t e  satis- 
fac tory ,  and the experiments are reproducible. 
This demon- 
Table VI gives the da ta  for the e f f e c t s  of the independent va r i ab le s  
on algae production ( spec i f i c  y ie ld) .  Analysis of variance for algae 
production ( s p e c i f i c  y i e l d )  i s  given i n  Table VI I .  
the  table, carbon dioxide concentration, cu l tu re  volume, and d i l u t i o n  
f a c t o r  s i g n i f i c a n t l y  a f fec ted  yield.  A cu rv i l i nea r  r e l a t ionsh ip  be- 
tween d i l u t i o n  f a c t o r  and y i e l d  i s  apparent from Figure 9, A l l  of 
t h e  two f a c t o r  i n t e rac t ions  were s t a t i s t i c a l l y  s ign i f i can t  i n  t he  
ranges of l e v e l s  used, The coef f ic ien t  of cor re l a t ion  between corre-  
sponding observation o f  duplicate runs ,is greater than 0.9. 
As indicated i n  
All the r e l a t ionsh ips  between the independent va r i ab le s  and equi l ibr ium 
d e n s i t i e s  and y i e l d s  a r e  shown i n  Figures 8 through 11. Figures 8 and 
10 represent  the  e f f e c t  of carbon dioxide concentration on equilibrium 
densi ty  and algae production. Figures 9 and 11 show the e f f e c t  of 
d i l u t i o n  r a t e  on these responses, 
t a ined  a t  the  higher  l i g h t  surface-to-liquid volume r a t i o  (5 l i t e r s  
versus 8 l i t e r s  cu l tu re  volume). 
studied a l so  gave t h e  highest  yield.  A d i l u t i o n  f a c t o r  of 0.07 gave 
I n  all cases  b e s t  r e s u l t s  were ob- 
The highest  carbon dioxide l e v e l  
1 
TABU VI1 
Analyrir of Variance bpec f f i c  Yield of Algae) 
Degrees 
Source of of Vat ia t ion 
on Sinnlficant Variation Lu&!L- 
A. C02 Level 2 12965.903 S 
Order Bffect Balance 
Linear 25931.800 0.006 
Quad 0.003 0.003 
S 
Ns 
B. 1 7061.604 S 
Order Effect Balance 
Linear 21259.219 -14197.615 
C. Dilution Factor 2 637.203 S 
Order Effect Balance 
Linear 60.802 1213.604 
Quad 1213.602 0.002 S 
AB 2 2012.333 S 
AC 4 366.908 S 
Bc 2 473.630 S 
ABC 4 700.880 S 
Within C e l l s  18 73.339 
Totals 35 
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t h e  best y i e l d j  however, t h e  highest  equilibrium dens i ty  w a s  obtained 
a t  a lower d i l u t i o n  f a c t o r  (0.04). 
-- e t  a 1  (1960), reference 13. The optimum l e v e l  of carbon dioxide con- 
cen t r a t ion  is obviously higher than 2.M according t o  F igures  8 and 
10, but  aaucher -- e t  a1 (1960), reference 5, obtained b e t t e r  growth a t  
0.5s C02 than  a t  3.M or 5.5$. 
but below 3s. 
were about the same as used i n  our experiments,) 
T h i s  confirms r e s u l t s  of Zuraw 
The optimum apparent ly  l i e s  above 2.M 
(The l igh t  i n t e n s i t i e s  used by Claucher.et -- a1 (1960) 
The optimum l e v e l  of COP and t h e  poss ib le  i n t e r a c t i o n  between COP and 
l i g h t  i n t e n s i t y  should be invest igated further,  
Figure 12 gives  da ta  for a l l  experiments conducted with t h e  e ight -  
l i t e r  un i t s .  Spec i f ic  y i e l d s  have been p l o t t e d  aga ins t  equilibrium 
dens i t i e s .  The dimensions of these parameters are such that  three 
s t r a i g h t  l i n e s  should be obtained, each corresponding t o  a p a r t i c u l a r  
d i l u t i o n  f ac to r ,  From the f igure ,  it is apparent t h a t  bes t  y i e l d s  
and highest  equilibrium dens i t i e s  occur a t  the higher  . l i g h t  surface 
t o  cu l tu re  volume r a t i o .  It should be noted a l s o  t h a t  yields group 
themselves i n t o  th ree  c lasses  corresponding i n  a general  way t o  the 
t h r e e  l e v e l s  of carbon dioxide used, It is apparent t h a t  the h igher  
d i l u t i o n  f a c t o r  r e su l t ed  i n  high y i e l d  a t  low equilibrium densi ty ,  
The lowest d i l u t i o n  f a c t o r  gave the highest  dens i t i e s ,  but maximum 
y ie ld  occurred at the intermediate d i l u t i o n  f a c t o r ,  confirming t h e  re- 
sults of Zuraw et. a.~. (reference 13). --
C, Flask and T e s t  Tube Studies 
1. Storaae S t a b i l i t y  of Medium 
I n  programs involving mass cu l tu re s  o f  a lgae,  it becomes i m -  
p r a c t i c a l  t o  make up la rge  volumes of  medium, Often the 
medium w i l l  be  s tored for long per iods of t i m e  before use. A 
simple s torage t e s t  was conducted i n  order  t o  determine the 
q u a l i t y  of medium upon standing for long per iods of time a t  
room temperature and a t  r e f r i g e r a t o r  temperature. Standard 
medium was prepared and s tored under the two condi t ions of 
21 
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temperature. A t  one week i n -  
t e r v a l s ,  urea ni t rogen,  pH, and 
a b a c t e r i a l  count were deter- 
mined. The results ind ica t e  
t h a t  t h e  medium can be s tored  
a t  room temperature and a t  re- 
f r i g e r a t e d  temperature up t o  
f i v e  weeks with l i t t l e  change 
i n  urea, nitrogen, and pH values. 
The t o t a l  b a c t e r i a l  count on 
r e f r i g e r a t e d  medium was v i r t u -  
a l l y  zero even after prolonged 
s torage,  while t h e  medium held 
a t  room temperature contained 
a small nunber o f  bac t e r i a .  
However, two samples s tored  a t  
room temperature showed evi -  
dence of  contamination w i t h  a 
fi lamentous blue-green a lga  
within 3 weeks. This event i s  
obviously much more l i k e l y  t o  
occur i n  a busy laboratory 
where many people a r e  working 
with a v a r i e t y  o f  cu l tu re s  than 
i n  a space vehicle .  
2, Storage S t a b i l i t y  of  Chlorel la  Suspensions 
It will undoubtedly be necessary i n  any a l g a l  gas exchange 
operation t o  s tore  s tock cu l tu re s  a s  standby f o r  the main 
cultures.  With t h i s  i n  mind, a s tudy w a s  conducted i n  order  
t o  determine if algae s tored  as a d i l u t e  c e l l  suspension o r  a 
concentrated pas te  remain v i a b l e  after prolonged periods.  
Eosin-y s t a i n  was used a s  a presumptive tes t  f o r  v i a b i l i t y .  
Eosin-y s t a i n s  dead c e l l s  but  not l i v i n g  tissue; it has been 
22 
used, for example, t o  t e s t  for v i a b i l i t y  i n  protozoan c y s t s  
( reference 2). Preliminary tests were conducted t o  determine 
if  t h i s  method were appl icable  t o  Chlore l la .  
TABLE VIIS 
V i a b i l i t y  Tests w i t h  C h l o r e l l a  71105 
Table VII'I. show t h e  results of t h i s  t e s t .  Algal c e l l s  heated 
a t  a temperature of  90°C f o r  one hour  were considered t o  be 
non-viable, whereas untreated c e l l s  were considered v iab le .  
These suspensions were t rea ted  w i t h  t h e  s t a i n  and the  c e l l s  
counted on a b r igh t  l i n e  hemacytometer. Microscopic examin- 
a t i o n  of c e l l s  t r e a t e d  with the  s t a i n  ind ica ted  t h a t  t h i s  
method i s  appl icable  t o  Chlorella. It 1s intereati i ig t o  note 
from Table VIIS that  v iab le  a lgae c e l l s  t r e a t e d  with t h e  
s t a i n  and p l a t ed  out on a standard med ium containing agar  d i d  
not grow. However, growth d i d  occur when the s t a i n  w a s  
washed from t h e  c e l l s  and the c e l l s  p l a t ed  out ,  
I n  t h e  s torage t e s t s ,  algae c e l l s  were harvested as a d i l u t e  
c e l l  suspension (0.8s PCV) and as a concentrated suspension 
(10.4s). These c e l l s  were s to red  a t  4OC and pe r iod ica l ly  an 
a l iquo t  of t h e  c e l l s  were s ta ined  and counted t o  determine the 
percentages of stained and unstained c e l l s ,  After 12 weeks, 
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99.5s of t h e  c e l l s  s tored  a s  a d i l u t e  suspension s t i l l  d i d  
not take the s t a i n ,  and 92.3$ of the c e l l s  s tored  a s  a con- 
centrated suspension d i d  not take t h e  s t a i n ,  showing t h a t  the  
majority of c e l l s  present were presumptively s t i l l  viable .  
When these  s tored  c e l l s  were inoculated i n t o  f r e s h  medium i n  
tes t  tubes and incubated i n  the l i gh t ,  a d e f i n i t e  l ag  per iod 
was observed. Active c e l l s  exhib i ted  a c h a r a c t e r i s t i c  l a g  
period of about 17 hours before  v i s i b l e  growth occurred. The 
c e l l s  s tored as a d i l u t e  suspension showed v i s i b l e  growth only 
a f t e r  40 hours. Those s tored  as a concentrated suspension 
showed v i s i b l e  growth a f te r  60 hours. This phenomenon, if 
confirmed, would suggest t h a t  a c t i v e  s tock cu l tu re s  should be 
maintained i n  support of large cu l tu re s  used f o r  gas exchange 
i n  epacecraft. Frequently sub-cultured, ac t ive  s tock c u l t u r e s  
a re  rout ine ly  maintained i n  our l abora tor ies .  
3. Effect  o f  Phygon XI,, and Streptomycin on Chlorel la  71105 and 
b m u  e-areen Alaal Contamin ant  
During the experiments conducted w i t h  the  e i g h t - l i t e r  cu l tu re  
vessels ,  Chlorel la  cu l tu re s  became contaminated on occasion 
with a filamentous blue-green a lga  with small moniliform c e l l s .  
Preliminary tes ts  were conducted i n  order  t o  cont ro l  or e l i -  
minate them. The p l a s t i c  ma te r i a l  used i n  construct ion of  the  
cul ture  ves se l s  made it impossible t o  s t e r i l i z e  the units by 
autoclave, Therefore, methods of chemical cont ro l  were sought. 
These t e s t s  were ca r r i ed  out i n  f l a s k s  i l luminated from below 
with f luorescent  lamps. The effect of chemicals on the algae 
was noted by v i s u a l  observation. 
Phygon XL, (see Footnote page 5 )  has been shown t o  
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be s e l e c t i v e l y  tox ic  t o  blue-green a l g a  (reference 4 ) .  C e r -  
t a i n  species  were completely inhibi ted o r  k i l l e d  by 5 pgm/L. 
Green algae were far  less s e n s i t i v e .  
(50$ a c t i v e )  was kindly provided by D r .  Douglas Tate. 
A sample of Phygon XL 
The material was tes ted  a t  10, 50, 500 and 1000 p,gm/liter 
(100$ a c t i v e  basis) against  t h e  blue-green an8 aga ins t  
Chlorel la  71105. N o  marked i n h i b i t i o n  of e i t h e r  a lga  was ob- 
served. 
Streptomycin. 
that  Streptomycin i n  concentration up t o  10-5M had no e f f e c t  
on Chlorel la  (71105). Provasoli  -- e t  a1 (1951), reference 10, 
were successful i n  t h e i r  s tud ies  i n  obtaining monoalgal, 
bacter ia-free cul tures  by the use of a n t i b i o t i c s ,  including 
streptomycin. A sample of streptomycin sulphate was k indly  
provided by Chas. Pf izer  and Co., Groton, Connecticut. 
Zuraw -- e t  a1 (1960), reference 13, reported 
I n  our tests,  streptomycin a t  concentration up t o  100 mg/L 
had no e f f e c t  on Chlorella 71105. I n h i b i t i o n  of the blue- 
green form occured a t  leve ls  of 15 t o  30 mg/L. 
control  of  the blue-green alga contaminant i n  the. eight l i t e r  
cu l ture  u n i t s  w i t h  streptomycin a t  a l e v e l  of 30 mg/L w a s  not 
successful .  It should be noted that  the  cu l ture  u n i t s  were 
operated on a continuous cu l ture  basis. Strept.mycin sddec! 
t o  t h e  r e s e r v o i r  of medium probably l o s t  i t s  a c t i v i t y  as 
time passed. If blue-green contamination occurs i n  the f u t u r e ,  
streptomycin w i l l  be added d i r e c t l y  t o  the cu l ture  vessel .  
However, 
4. Flask and T e s t  Tube Tests on the  Composition of the  Medium 
Appendix A and Table I X  show the ingredients  and the concen- 
t r a t i o n  of the various salts used i n  our  standard m e d i u m  f o r  
Chlorella 71105. Any de ta i led  study on mineral n u t r i t i o n  of 
algae would require  spec ia l ly  p u r i f i e d  sal ts  and pure water. 
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However, w e  have rout ine ly  used airoton t a p  water; consequently, 
t e s t s  were conducted t o  determine t h e  optimum l e v e l  f o r  some 
components. of the  t a p  water medium. Appendix D&E show the  
composition of Oroton t a p  water. 
I n  each experiment a s i n g l e  ingredient  of the medium was 
tes ted ,  The concentration of t h i s  salt  w a s  var ied while a l l  
other components were held a t  t h e  standard l e v e l ,  After the 
optimal l e v e l  f o r  a given s a l t  was determined, t h a t  l e v e l  was 
t h e n  used i n  subsequent tests. 
Tests were car r ied  out i n  100 m l  t es t - tubes ,  incubated i n  a 
l igh ted  aquarium ( the  temperature was maintained a t  38Oi. 5C 
and t h e  l i g h t  i n t e n s i t y  a t  approximately 2000 foot  candles).  
The carbon dioxide concentration used was 3$*0,5$, 
was measured by o p t i c a l  dens i ty  w i t h  a Fisher  Electro-ghotomeker 
a t  550 mp. Tests were done i n  dupl icate .  
Growth 
TABLE IX 1 
Mineral :Jut i i t i o n  Studies w i t h  Chlorell.! 11105 I 
Standard Optimal 
Levels C o l l s t  1 t L! ' I l l  Mediwi 
I 
5.0 g / L  0 .625  g/L 
2 . 5  g / L  0.078 g / L  
2 . 0  g / L  - 
400 mg/I .  300 m g / L  
0 . 5 6  m g / L  0.42 m g / L  
8 .0  mg/L 
2 . 0  ml/L 0.5 m l / L  
Basic 
- 
Table 1X ind ica tes  t h e  l e v e l  of each ingredient  i n  t he  standard 
laboratory medium and t h e  l e v e l s  found t o  be optimum f o r  shor t -  
term growth, No s i g n i f i c a n t  increase i n  growth was obtained by 
adding N a C l  o r  C a C 1 2  a t  any l e v e l  up to t h e  standard concentra- 
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t i o n .  Figure 13 and 14 
show the r e s u l t s  with 
N a C l  and CaC12. Figure 
15 shows t h e  r e s u l t s  of  
t h e  t es t  with MgSO4. A 
l e v e l  of 1/8 t he  s tandard 
concentration yielded the  
h ighes t  dens i ty .  However, 
cu l tures  grew f a i r l y  w e l l  
i n  a medium containing no 
added MgSO4; t h a t  i s ,  with 
only tha t  amount present  
normally i n  Groton t ap  
water. Figure 16 shows 
t h e  r e s u l t s  of  the  tes ts  
with KH2PO4. Best growth 
r e s u l t s  occurred a t  a 
l e v e l  of 1/3a or  a t  a 
leve l  of 78 mg/L compared 
t o  a l e v e l  of 2500 mg/L 
i n  standard medium. 
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The r e s u l t s  of t h e  experiments with urea are shown i n  Figure 
17. Standard medium contains 400 mg/L of  urea. No s i g n i f i c a n t  
increase i n  dens i ty  was noted a t  levels  of 100 thmn 900 mg/L. 
A l eve l  of 300 mg/L was se lec ted  f o r . u s e  i n  subsequent t e s t s  
on the  composition of t h e  medium. 
1 I X  STANDARD MEDIUM 
IW 200 MO 4ca 500 sw 700 BOO 900 Inca im 
CDNCENTRbT~DFWEAWTHEMEDlUM ( m p  f L I 
FIGURE I 7 EFFECTOF CONCENTRATION OFUREA IN A TAP WATER MEDIUM 
I I 
az I .o 2.0 
CONCENTRPTION OF IRON IN THE MEDIUM I mg / L I 
FIGURE 18 EFFE(TTOFCONCENlRAll0NOFlRON INATAPWATER MEDIUM 
The experiment on the  concentration o f  i r o n  i s  shown i n  Fig- 
ure  18, A s  shown, concentrations of i r o n  from 3/4x t o  4x gave 
no s igni f icant  change i n  growth. Standard medium contains 
0.56 mg/L o f  iron. A l e v e l  o f  3/4x was se lec ted  f o r  t e s t s  on 
other components of t h e  medium. 
Two m i l l i l i t e r s  o f  Arnon’s A-5 so lu t ion  (with added sodium 
vanadate), a s  prepared i n  Appendix A, is normally added t o  one 
l i t e r  of standard medium. Figure 19 shows t h e  r e s u l t s  of 
t e s t s  conducted varying t h e  amount of Armon’s A-5 solut ion.  
A s  shown, a l e v e l  of 0.5 ml/L yielded s l i g h t l y  be t t e r  r e s u l t s  
than a l e v e l  of zero concentration and a l e v e l  of 2.0 ml/L; 
therefore ,  a l e v e l  of 0.5 m l / L  was se lec ted  as t h e  optimum 
level  f o r  Armon’ls A-5 so lu t ion  i n  a tap-water medium. Semi- 
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quan t i t a t ive  spectrographic ana- 
l y s i s  of evaporated residues of 
Groton t a p  water i nd ica t e  t h a t  
elements i n  Arnon' s A-5 so lu t ion  
a r e  present  a t  l eve l s  c lose  t o  . 
those considered optimal, Some 
of these elements, espec ia l ly  
copper and manganese,are apt t o  
1 be extremely va r i ab le  i n  t r e a t e d  
waters. Copper is  commonly 
b present a t  high l eve l s  i n  waters 
from copper or brass  plumbing, ' but t h e  t o x i c i t y  of copper and 
o the r  heavy metals i s  v i t i a t e d  by 
t h e  high l e v e l s  of the  bas i c  
s a l t s  i n  t h e  standard medium, We have of ten  omitted Arnonts 
A-5 solut ion from the tap water medium w i t h  no apparent ef- 
f ec t s .  
To v e r i f y  t h e  r e s u l t s  of  t h e  above t e s t s ,  a 72-hour experi-. 
ment was conducted comparing t h e  cu l tu re  d e n s i t i e s  obtained 
w i t h  a medium containing t h e  ingredients  a t  l eve l s  found i n  
standard laboratory medium, and a t  l e v e l s  found t o  be optimum. 
(The new medium has been designated DL6L) The average op t i -  
ca l  Geiisity a t ta ined  w i t h  standard medium was 0.553 f 0.001 
u n i t s  (average of seven test tubes,  d i lu t ed  lr10). The aver- 
age op t i ca l  dens i ty  a t ta ined w i t h  the DL61 medium was 0,709 
k 0,001 (average of 8 t e s t  tubes,  d i lu t ed  l r10 ) .  
It must be noted t h a t  t h e  l e v e l s  o f  the components of DL61 
medium a s  shown i n  Table I X  a r e  i n  addi t ion  t o  t h e  l e v e l s  
normally found i n  Groton t a p  water. Appendix E l i s t s  informa- 
t i o n  concerning the chemical composition of Groton t a p  water. 
A s  shown, Groton tap  water contains,  sodium, calcium, and 
ohlorides,  a t  l eve ls  of 7.0, 8.0, and 8.5 mg/L respect ively.  
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The hardness and a l k a l i n i t y  values given would i n d i c a t e  approx- 
imately 20 mg/L of bicarbonate present  i n  Groton t a p  water. 
Standard medium used rou t ine ly  i n  these l abora to r i e s  f o r  
growing Chlore l la71105 has a pH of 4.6. 
optimal for short-term growth of Chlorel la  71105, a s e r i e s  of 
t e s t s  were conducted. I n  those t e s t s ,  standard medium was ad- 
justed t o  pH l e v e l s  of 6, 7, and 8 w i t h  sodium hydroxide solu-  
t ion.  After 24 hrs. ,  growth was measured i n  terms of packed 
c e l l  volume. The pH was determined i n i t i a l l y  and a t  t h e  end 
of each experiment, Figure 20 shows the  r e s u l t s .  A s  i nd i -  
To determine t h e  
--
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cated, optimum growth occured a t  
a pH of 6.0. Growth i n  c u l t u r e s  
w i t h  t h e  m e d i u m  adjusted to a pH 
of 6.0 o r  more grew t o  twice t h e  
dens i ty  of cu l tu re s  i n  the  un- 
t r e a t e d  standard m e d i u m  (pH 4.6).  
The standard medium contains  mono- 
bas i c  potassium phosphate; pH can 
be conveniently poised by using 
an appropriate  combination of  t h e  
mono-and d ibas i c  s a l t s .  Other 
aspec ts  of t h e  pH of t h e  medium 
were s tudied,  t h e  r e s u l t s  of t hese  
t e s t s  a r e  discussed gelow, 
The p H  of D r b l  medium was determined t o  be 6.6. I n  order  to 
determine whether a s l i g h t l y  lower pH would improve the DL61 
medium, t h ree  sets of f i v e  tubes were inoculated and incubated 
i n  l i g h t  f o r  twenty-four hours. The f i r s t  set contained t h e  
~ ~ 6 1  medium (pH 6.6) ;  t h e  second set, DL61 w i t h  0.2 m l / L  1,ON 
HP03 added ( p H  5,9)3 and t h e  t h i r d  s e t  DL61 w i t h  0.4 m l / L  
L O N  HP03 added (pH 5.4). 
a f t e r  twenty-four hours, 0.45, 0.41, and 0 . 2 9 ~  t h e  cor res -  
ponding pH's were 6.6, 5.9, and 5.4. The d i f fe rence  between 
The average o p t i c a l  d e n s i t i e s  
I -  
t h e  f i r s t  two d e n s i t i e s  i s  not  s i g n i f i c a n t .  
f i rs t  s e t  remained unchanged a f t e r  twenty-four hours. I n  
the second s e t  it had increased f ron  5.9 t o  6-03 and i n  the 
t h i r d  s e t ,  from 5-4 t o  5.7* 
The pH i n  t h e  
It i s  noteworthy t h a t  DL61 medium d i f f e r s  f r o m  t h e  standard 
medium only i n  t h e  reduction of t h e  l e v e l s  a t  which some com- 
ponents a r e  present ,  and furthermore, i n  t h a t  t h e  pH i s  
s l i g h t l y  higher. The standard medium was o r i g i n a l l y  developed 
f o r  supporting sustained growth i n  dense s teady-s ta te  
Chlorel la  cu l tu re s ,  and it i s  probably the  b e s t  t h a t  can be 
devised f o r  t h i s  purpose. For short-term growth s t a r t i n g  
with a very small inoculum, DL61, i n  Groton t a p  water, i s  
s i g n i f i c a n t l y  b e t t e r  and w i l l  be used rou t ine ly  i n  t h e  future 
for short-term tests. 
V. Conclusion and Recommendat i o n s  
A. S tudies  w i t h  Supplemented N u t r i e n t  Medium 
It was confirmed t h a t  s teady-state  a l g a l  cu l tu re s  could be maintained 
for periods of severa l  weeks by supplementing t h e  n u t r i e n t  medium w i t h  
minimal amounts of  c e r t a i n  s a l t s .  No buildup of au to toxic  ma te r i a l s  
was observed over seventy-two days. I r o n  and urea were determined t o  
be t h e  most important supplements, Dense cultures were maintained i n  
i n  the  presence of  high b a c t e r i a l  populations.  When t h e  l r o n  and 
urea s t a t u s  of  s teady-s ta te  cu l tures  was maintained,  growth became 
l imi ted  by l ack  of calcium and t r ace  elements (Arnon's A-5  so lu t ion ) .  
Future s tud ie s  should include experiments w i t h  a continuous recyc le  of 
medium; t h a t  is, operat ion which includes a means of harvest ing a l g a l  
c e l l s  continuously and re turn ing  t h e  spent medium t o  the cu l ture .  
mode of operat ion w i l l  provide a model f o r  t he  d e f i n i t i v e  configurat ion,  
i n  which water must be completely recycled and a l l  supplements t o  the  
medium must be derived from human wastes. 
T h i s  
B. The Fac tor ia l  Experiment 
These experiments confirmed t h e  f ind ing  i n  o u r  e a r l i e r  repor t  (refer- 
ence 13) tha t  t h e  higher  t h e  r a t i o  of l i gh ted  surface t o  volume of 
cu l tu re ,  the  g r e a t e r  t h e  y i e l d  of algae. A t  t h e  l e v e l s  of carbon 
dioxide studied, a 2$ concentrat ion supported a lgae  production b e t t e r  
than e i t h e r  1% or 0.03%. Dilut ion f a c t o r  ( r a t i o  of n u t r i e n t  feed rate 
t o  volume) was shown again t o  be a s i g n i f i c a n t  parameter I n  t h e  growth 
o f  steady-state algae cu l tures .  A f a c t o r  of 0.07 produced the most 
a lgae (per  l i ter  of  c u l t u r e ) ,  A t  a value of 0.07, doubling time was 
9.9 hr. Highest equilibrium cu l tu re  dens i ty  (measured as mg d r y  
weight / l i ter)  was a t t a ined  a t  a d i l u t i o n  f a c t o r  o f  0.04. 
of t he  fac tor ,  a doubling time of 17.3 h r  was found. A t  t h e  highest  
d i l u t i o n  f ac to r ,  (O.l), s imi l a r  s p e c i f i c  y i e l d s  were obtained w i t h  
cu l tu re s  of l e s s e r  dens i ty  and a fas ter  generat ion time 
th i s  instance) .  
' 
A t  t h i s  l e v e l  
(6.9 h r  i n  
Oxygen production although not d i r e c t l y  measured i n  these  experiments 
can be calculated using t h e  data of Myers ( reference 9): He reported 
tha t  1 g m  of d r y  a lgae i s  equivalent t o  1.1 l i t e r s  of oxygen. Under 
optimum condition i n  these  experiments, 0.67 gm/hr of  a lgae was pro- 
duced, which i s  equivalent t o  0.74 l i t e r s  of  oxygenhr .  Assuming t h a t  
man requires  1.0 SCF o f  oxygen per  hour, t he  cu l tu re  ves se l  w i t h  f i v e  
l i t e r s  of algae suspension and operat ing a t  1200 watts (240 v o l t s  ) i s  
equivalent t o  0.026 men. The e f f i c i ency  of l i g h t  u t i l i z a t i o n  w a s  con- 
sequent l y  about f i v e  per  cent. 
It is recommended t h a t  fu tu re  s tud ie s  include more l e v e l s  of the  r a t i o :  
l i gh ted  area to cu l tu re  volume. The continued study of t h i s  parameter 
is important for f u t u r e  designs. 
Increased leve ls  o f  carbon dioxide a r e  a l s o  ind ica ted  a s  worthy of 
f u t u r e  a t ten t ion ,  s ince the  highest  l e v e l  used i n  these  s tud ie s  gave 
t h e  g rea t e s t  y i e l d s  both i n  terms of equilibrium cu l tu re  dens i ty  and 
a l g a l  productlon. The l e v e l  of l i g h t  i n t e n s i t y  used was suspected t o  
be suboptimal, but was forced by expediency. Future s tud ie s  w i t h  t h e  
e i g h t - l i t e r  vesse l  should be conducted a t  a higher l e v e l  of l i g h t  i n -  
t e n s i t y .  
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C, Flask and Test Tube Studies  
These studies d isc losed  t h a t  standard n u t r i e n t  could be s tored  f o r  
long per iods of time w i t h  l i t t l e  change i n  the  urea,ni t rogen o r  pH 
value. Algae inoculum can a l s o  be s tored  i n  the r e f r i g e r a t o r  for long 
per iods of t i m e  as e i t h e r  a d i l u t e  or a concentrated suspension. Upon 
re -cu l tur ing ,  c e l l s  s tored  as  a d i l u t e  c e l l  suspension d isp lay  a lag 
period; c e l l s  s tored  as a concentrated suspension sh0w.a longer lag. 
Streptomycin has no e f f e c t  on Chlorella 71105 up t o  concentrat ion of 
100,000 Fg/L. 
use of streptomycin. 
Control of a blue-green contaminant was achieved by t h e  
T e s t s  on the composition of the medium made i n  Groton t a p  water i nd i -  
cated t h a t  some cons t i t uen t s  should be reduced o r  e l iminated f o r  short- 
term growth s tud ie s ,  optimim l eve l s  of  each ingredient  for short-term 
growth were determined. The formula o f  t he  new tap-water medium 
(DL61) is given i n  Table IX,  
A pH l e v e l  o f  6.0 w a s  found t o  be bet ter  for growth of Chlorel la  than 
the pH of 4.6 i n  standard laboratory medium. 
--
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APPENDICES 
Element 
APPENDIX A 
Standard Laboratory Medium 
Basic Medium 
Constituent ms/L 
mso4= 7H20 5.0 
m2p04 2.5 
NaCl 2.0 
Dissolved i n  tap water t o  make 1 l i t e r  
Supplemental Solutions 
Nitrogen 
I ron  
Calcium 
Arnon 1 s A-5 Solution* 
B 
Mn 
zn 
Mo 
Q 
Source 
F ina l  Concentrations 
of Element In  Basic 
Medium (mg/%) 
Urea 
Na2FeEDTA 
CaC12 
H3B03 
186 
8.0 
0.56 
0.99 
1.0 
0.18 
0.04 
0.003 
0.009 
*A stock so lu t ion  i n  0.01 N H2S04 is prepared and used a t  2 m l h  
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APPENDIX B 
Procedure f o r  CalCUlating Equilibrium 
Density and Algae Production 
1, 40 ml ofthe algal culture was removed from the unit with a volu- 
metric pipette, 
2. This suspension was centrifuged and the resultant supernatant fluid 
discarded. 
3, The packed cells were then washed in de-ionized water three times. 
4. After the third washing, the volume was adjusted to 20 ml. 
(This doubled the original concentration of cells, ) 
5, 3 ml o f  suspension were centrifuged in duplicate in graduated test 
tubes. The average of the two was the value noted f o r  the packed 
cell volume. 
6 ,  10 ml of the suspension prepared in 4 above were distributed into 
previously dried and weighed aluminum weighing dishes; again 
duplicate samples were run. 
The algae were then dried f o r  24 hPs at 105OC, cooled, and then 
weighed. Weight divided by 20 equals suspension density (mg/ml). 
Suspension density times flow rate in rnl/hr divided by 1000 was 
taken as yield in grams of dry algae per hour. 
7. 
8, 
9. Specif'i2 y?eld (grams of' dry algae per liter per hour) was obtained 
by dividing yield by culture volume, 
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APPENDIX C 
Light Measurement s o f  the E i g h t - l i t e r  Units  
1. Light  measurements were taken u s i n  a G.E. light meter and a 
Weston foot-candle meter, Model 6 8 ,  with n e u t r a l  dens i ty  filters 
of 1-0 and 0.9, 
2, Measurements taken using t h e  0.E. meter were taken a t  po in t s  1 
inch from e i t h e r  end of the annulus and a t  t h e  cen te r  on t h e  top  
por t ion  of  t h e  annuli. Readings were a l s o  taken a t  po in t s  1.5 
inchesonei ther  side of these  points.  All values  were averaged. 
3. Measurements taken using t h e  Weston foot-candle m e t e r  were taken 
a t  1 inch from e i t h e r  end and a t  t h e  cen te r  of  t h e  t o p  o f  t h e  
annuli. 
4. Resul ts  are tabula ted  below! 
Foot Cand 1 e s* 
d n i t  #1 Unit #2 
Lamp Voltage G.E. Meter 5900 5700 
240 Volts Weston Meter 6240 7150 
M e  an 6070 6420 
*Readings taken upon completion o f  experimentation. 
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APPENDIX E 
Chemical Analysis o f  Qroton Tap Water * 
7- 
8. 
9. 
10. 
11. 
12. 
13 
14. 
15. 
Sodium---------------------- 7.0 mg/L (analysis 1961) 
Calcium--------------------- 8.0 mg/L (analysis 1961) 
Potassium------------------- 1.0 m g f i  (analysis 1961) ' 
T o t a l  Solids---------------- 56.2 m g f i  (analysis 1956) 
Dissolved Solids------------ 55.0 mg/L (analysis 1956) 
Suspended Solids------------ 1.2 mg/L (analysis 1956) 
Alkalinity (phenolphthalein) 0 (analysis 1956) 
Alkalinity (methyl orange) -8.0 m g / L  (analysis 1956) 
Chlorine Residual----------- 0.75-0.90 mg/L (leaving treatment plant ) 
- 
*Items 1, 3, and 15 were obtained f r o m  the Groton, Connecticut Water 
Department. All other information was obtained from the Analytical 
Chemistry Section, Technical Services Division, Electric Boat. 
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